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In addition to these methods of regulation, CFT073 has three additional tyrosine 93 recombinases, FimX, IpuA and IpuB, which are conserved in many UPEC strains (23) . 94
FimX and IpuA are also capable of catalyzing inversion of fimS in CFT073 despite being 95 located distal to fimS on the CFT073 chromosome (23). Typically, site-specific 96 recombinases that mediate inversion of phase switches are encoded proximal to their 97 sites of functionality, suggesting the existence of other switches local to the three UPEC 98 specific recombinases (44) . Recently, a second phase variable element, hyxS, was 99 characterized proximal to fimX in CFT073 and another UPEC strain UTI89 (45) . 100
Inversion of hyxS regulates expression of hyxR, a LuxR-type regulator. Only FimX is 101 capable of catalyzing inversion of this switch, and hyxS dependent expression of hyxR 102 affects resistance to reactive nitrogen species and intracellular macrophage survival 103 though the precise mechanisms underlying these affects remain to be characterized 104 (45). Phase variable switching at fimS and hyxS has also been examined in UPEC 105 strains from the globally disseminated multidrug resistant ST131 clone, which possess 106 functional FimE and FimX recombinases (46) . 107
Because there are known invertible DNA elements proximal to fimB, fimE and 108 fimX, we sought to determine if a third phase switch existed proximal to ipuA and ipuB. 109
Here we report the identification of a third phase variable switch in CFT073, ipuS, 110 located adjacent to the ipuA and ipuB recombinase genes. The switch is bounded by a 111 set of 7bp-inverted repeats and the recombination half sites share sequence similarity 112 with the fimS and hyxS invertible elements. Transcriptional analysis identifies the 113 presence of transcription start site in the element, and four of the five recombinases 114 (FimB excluded) are able to independently catalyze ipuS inversion. Inversion of the 115 element affects transcription of ipuR, a predicted LuxR-type regulator and upaE, a 116 predicted autotransporter. Phenotypic characterization of UpaE reveals that it is 117 exposed at the cell surface, and can facilitate biofilm formation as well as adhesion to 118 human extracellular matrix proteins. Further analysis of ipuS inversion reveals that a 119 locked-ON state results in a defect in swimming motility, increased adherence to kidney 120 epithelial cells, and a 5-fold advantage in colonization of the kidneys at 72hpi. Overall, 121 this work identifies an UPEC switch that controls the phase variable expression of 122
UpaE, an autotransporter that may contribute to UPEC infection in the complex, diverse 123 microenvironments of the urinary tract. CFT073 (23, 45) . In most other characterized tyrosine recombinase-mediated phase 130 variation systems, the recombinases are active on closely linked invertible DNA 131 elements. Thus, we hypothesized that there would be an invertible element proximal to 132 the ipuA and ipuB recombinase genes. Immediately 5' of ipuA is a putative two-gene 133 operon containing ipuR (encoding a predicted LuxR-type regulator) and upaE (encoding 134 a predicted autotransporter protein). Further analysis of this DNA region reveals ipuA 135 and ipuR are separated by a 317bp intergenic spacer with no predicted open reading 136 frames (Fig. 1A) . The size of the spacer is consistent with other promoter inversion 137 systems, suggesting it may contain an invertible element. To test this, a chromosomal ipuR-lacZ transcriptional fusion was generated (strain WAM5009) to detect inversion 139 events in this region. When a stationary phase LB-broth culture of WAM5009 was 140 plated on MacConkey's lactose medium, the reporter strain displayed a mixture of red 141 and white colonies. The region containing the predicted invertible element was amplified 142 by PCR from a red and white colony respectively, and sequenced by Sanger dideoxy 143 chain termination. The DNA sequences from the two colony types revealed the 144 presence of a 260bp invertible element, which we refer to as ipuS (Fig. 1B) . The ipuS 145 element is bounded by a pair of 7bp-inverted repeats with the distal-inverted repeat 146 located within the annotated coding sequence of ipuA (Fig. 1B ). In the OFF state, 147 defined as lack of expression from the ipuR-lacZ transcriptional fusion, the full-length 148 form of IpuA is produced. Upon inversion to the ON state, defined as expression of the 149 ipuR-lacZ fusion, a truncation of the ipuA coding sequence occurs. The truncation 150 removes 11 amino acids from the C-terminus of IpuA and generates a K-L substitution 151 of the terminal amino acid (Fig. 1C ). None of the four required RHRY active site 152 residues for IpuA are altered by the truncation, suggesting the shortened form may 153 retain catalytic activity (Fig. 1C) . 154 ipuS half site analysis. The ipuS invertible element is defined by a pair of 7bp-155 inverted repeats ( Fig. 2A) . ipuS has the shortest inverted repeats of the three described 156 elements in CFT073, with fimS and hyxS having 9 and 16bp repeats, respectively (27, 157 45) . In addition to the core repeat sequence, up to 5bp surrounding the core can 158 participate in base pairing and help facilitate inversion. The sequence of these residues 159 is similar to the respective required regions of fimS (22) and the predicted hairpin structure generated during recombination illustrates these potential base-pairing 161 interactions ( Fig. 2B) . 162
The inverted repeats and surrounding sequence of ipuS were compared to the 163 same respective regions of hyxS and fimS to assess the potential of shared 164 recombinase activity among the elements. For consistency, the OFF state of each 165 element was used for the comparisons. The ipuS switch shares a high degree of 166 sequence similarity with the other two switches, particularly fimS (Fig. 2C ). In this figure, 167 lines connecting bases indicate sequence identity; inverted repeat sequence is shown in 168 bold and the grey boxes indicate potential base paring interactions. Previous reports 169 comparing the half sites of hyxS and fimS show only limited similarity (45). 170
Recombinase activity at ipuS. The activity of tyrosine recombinases at fimS 171 and hyxS is known to be sequence specific, and the similarity between the ipuS, fimS 172 and hyxS inverted repeats suggests that many if not all of the five recombinases would 173 have activity at ipuS. To test this, the five recombinases were deleted by sequential 174
Lambda-Red mutagenesis and EB49 phage transduction to lock the orientation of all 175 three switches. In the case of ipuA, a 404bp truncation from the 5' end was generated to 176 remove one of the required active site residues rendering the resulting protein non-177 functional, while preserving the ipuS distal inverted repeat and allowing for inversion via 178 exogenous expression of the recombinases. Strains were created with all four possible 179 combinations of ipuS and fimS phase states. hyxS was locked OFF in all strains 180 examined (Table 1) . 181
Each recombinase, including the full length (FL) and truncated (Trunc) forms of 182
IpuA, was provided in trans on multicopy expression constructs in both the ipuS ON and 183 OFF locked backgrounds. All the recombinase complementation plasmids were 184 constructed in a pACYC177 background and constitutively expressed except for IpuA-185 FL and IpuA-Trunc. These were constructed in a pACYC184 background with the 186 native ipuA promoter driving expression. In a previous publication, we showed that 187 expression of ipuA under control of the kanamycin resistance gene promoter on 188 pACYC177 causes cell morphology defects and expression from its native promoter 189 rectifies this complication (23). including the truncated form of IpuA ( Fig. 3 ). FimB showed no detectable catalytic 195 activity under the conditions tested. However, the same pACYC177::fimB construct was 196 capable of inverting fimS, demonstrating the lack of activity is not due to complications 197 with recombinant plasmid expression (23). The inversion assay is not explicitly 198 quantitative however inspection of the intensity of the bands in the digest suggests there 199 may be differences in catalytic efficiency among the recombinases. FimE is less 200 efficient than IpuA-FL, IpuA-Trunc, IpuB and FimX at inverting the ipuS switch in both 201 directions under the conditions tested ( Fig. 3) . IpuB also displays a reduced capacity to 202 catalyze ON to OFF inversion ( Fig. 3) . 203
Identification of a putative promoter in ipuS. We postulated that the invertible 204 element could regulate transcription of ipuR-upaE by containing an additional promoter, 205 or by blocking read through of an upstream ipuA-associated promoter. To test this, we subjected the ipuS region to 5'RACE using cDNA generated from ipuS phase locked 207 ON and OFF strains. Only the locked-ON strain generated a product and subsequent 208 sequencing revealed the location of a putative transcriptional start site in ipuS (Fig. 4A) . 209
Sequence analysis immediately upstream of the mapped transcriptional start site 210 revealed a putative promoter with -35 and -10 sequences that each have 4 of 6 211 nucleotides matching the sigma-70 consensus sequence ( Fig. 4B) (47) . 212
UpaE is localized to the cell surface. We next sought to characterize 213 phenotypic effects of the ipuS ON versus OFF phase state and began by assessing the 214 functionality of the regulated genes upaE and ipuR. Initial genetic studies examining 215 the role of ipuR did not reveal any clear phenotype, so we focused on characterization 216 of the predicted autotransporter gene upaE. To assess the functionality of UpaE in 217 isolation, we utilized a plasmid based overexpression system it the E. coli K-12 218 background strain MS427 (48). MS427 has a mutation in the Ag43-encoding flu gene 219 rendering it unable to facilitate biofilm formation or self-aggregation, and has previously 220 been used successfully to probe the function of other autotransporters (20, (48) (49) (50) (51) (52) (53) . 221
Immunoblots of whole cell lysates generated from MS427 transformed with a UpaE 222 expression plasmid using a polyclonal anti-serum raised to a UpaE-MBP fusion protein 223 showed a band consistent with the 271kDa predicted molecular weight of UpaE ( Fig.  224 5A). UpaE localization was then assessed using immunofluorescence microscopy which 225 showed staining concentrated to the cell membrane suggesting it is membrane bound 226 ( Fig. 5B ). Further assessment in the native CFT073 context yielded similar results. We 227 probed for the expression of UpaE in whole cell lysates and culture supernatants of the 228 phase lock ON and OFF CFT073 strains. UpaE was only detectable in phase lock ON 229 cells ( Fig. 5C ). Additionally, extracellular UpaE species were not detected in 230 concentrated 10ml TCA preparations from culture supernatants of either lock ON or 231 OFF strains (Fig. 5C ). This further corroborates the immunofluorescence data in the 232 MS427 background and suggest that UpaE is membrane associated in the native 233 CFT073 context ( Fig. 5C ). 234
UpaE mediates biofilm formation and adhesion to ECM proteins. After 235
assessing expression and localization, we probed the functionality of UpaE. As surface-236 bound autotransporters are frequently involved in biofilm formation or adherence, we 237 assessed biofilm production. The parent strain MS427 is unable to form biofilms, but 238 introduction of the plasmid born copy of UpaE resulted in a significant increase in biofilm 239 production when assessed by crystal violet staining ( Fig. 6A ). We also investigated the 240 ability of UpaE to mediate adherence to human ECM proteins. Adherence to MaxGel, a 241 commercially available mixture of collagens, laminin, fibronectin, tenascin, elastin and a 242 number of proteoglycans and glycosaminoglycans, was significantly increased in the 243 UpaE overexpression strain compared to empty vector controls ( Fig. 6B ). Further 244 examination revealed UpaE mediates significant adherence to fibronectin, laminin, and 245 collagen I, II, V specifically ( Fig. 6B ). Together these results suggest that UpaE is a 246 surface exposed autotransporter and facilitates both biofilm formation and adherence to 247 human ECM proteins. 248
Phenotypes of the ipuS ON vs OFF phase states in CFT073. Due to the 249
conservation of this region in many UPEC strains and the known links between 250 adherence promoting autotransporters and phase variation in pathogenesis (20, 21, 58), we predicted that inversion would play a role in virulence related phenotypes. We 252 previously demonstrated that in the fimS ON state that there is a reduction in motility 253 compared to the OFF position (23). Overnight liquid cultures were used to inoculate the 254 surface of Adler's Motility Medium agar plates and diameters of the swimming zones 255
were measured after ~21hrs of growth at room temperature. We observed that the ipuS 256 OFF state is more motile than the ipuS ON state in a Type 1 pili OFF background ( Fig.  257 7A). The same trend was observed in the Type 1 pili ON background, however the non-258 motile nature of Type 1 pili ON cells made it difficult to clearly discern the ipuS effects 259
ipuS orientation affects colonization of the kidneys in a murine model of 261
UTI and adherence to human kidney epithelial cells. We next assessed if the ipuS 262 phase state results in a difference in colonization in the murine model of UTI. To test 263 this, we performed competition assays using the ipuS locked ON and OFF strains to 264 address putative UpaE dependent effects on colonization. A lacZYA mutant variant of 265 the ipuS locked OFF strain (WAM5146) was used to facilitate generation of competitive 266 indices using MacConkey lactose medium. Previous experiments indicated that a 267 lacZYA mutant of CFT073 competes equally against WT CFT073 (59). 50l 268 inoculums containing an equal ratio of the ipuS locked ON and OFF strains (totaling 10 8 269 CFU) were transurethrally delivered into the bladder of 6-week-old female CBA/J mice 270 and the infections were allowed to progress for 72 hours. The animals were sacrificed 271 and their bladders and kidneys excised, homogenized, and plated on MacConkey's 272 lactose medium. Ratios of ON/OFF bacteria at sacrifice were normalized to the input 273 ratio to generate relative competitive indices (RCI). The Type 1 fimbriae locked ON 274 variants of the ipuS ON/OFF strains were used in the experiment because Type 1 fimbriae deletion strains are severely attenuated in mouse models of UTI (15) . At 72hpi, 276 a 5-fold advantage (p<0.05) for the ipuS ON state was observed in the kidneys (Fig. 277 7B) . No difference was seen in the bladder at 72hpi (Fig. 7B ).
To further assess 278 the role of UpaE in facilitating infection in vivo, we also performed competition assays 279 between WT CFT073 and an otherwise isogenic ipuR/upaE mutant. However, in this 280 context no significant competitive difference was observed in the bladder or kidneys (Fig  281   S1 ). We postulate this is due to the phase permissive background of the ipuR/upaE 282 mutant strain. Locking fimS ON to help facilitate competitive infections in the ipuS 283 ON/OFF strains also suppresses the production of P pili (41), a kidney specific adhesion 284
factor. We predict that the ability of the ipuR/upaE mutant to produce P pili 285 compensates for the difference observed in the ipuS OFF vs. ON strains. 286
The locked strains that were used in the competitive infection assays were 287 virtually non-motile due to the constitutive expression of Type 1 pili (23). Importantly, 288 this suggested that the in vitro swimming motility defect of WAM5088 was not the cause 289 of the ipuS dependent kidney colonization advantage. Rather, we speculated that the 290 change in colonization was at least partially attributed to UpaE expression and its effect 291 on adherence. To determine if the adhesive properties of UpaE may have contributed to 292 the kidney specific advantage observed in vivo, we assayed the four ipuS/fimS phase 293 locked strains for their ability to adhere to human kidney epithelial cells. The strains 294
were incubated with confluent monolayers of A-498 cells (MOI=10) for 1hr and 295 adherence was assessed by direct determination of colony forming units. The number 296 of adherent bacteria were normalized to the input and expressed as percent adherence. 297
Locking ipuS ON in a fimS OFF background increased adherence to kidney epithelial 298 cells (p<0.05) suggesting that expression of UpaE facilitates adhesion to the kidney 299 epithelium. Type 1 pili also promoted kidney adherence, however locking both switches 300 on did not cause a synergistic increase in adhesion (Fig. 7C) advantageous form of gene regulation for pathogens as it helps a population cope with 308 sudden changes in environmental conditions during infection (67). The presence of a 309 subset of the population in alternative phase states circumvents the need for 310 transcriptional and translational activation steps in response to changing conditions. 311 CFT073 has two known phase variable elements, fimS and hyxS (23, 45). Here, we 312 identified a third phase variable element (ipuS). We demonstrate that the orientation of 313 the ipuS element in CFT073 controls the transcription of two downstream genes (ipuR 314 and upaE), which in turn affects motility and kidney colonization in mice. Additional 315 analysis of UpaE revealed it is surface localized and mediates biofilm formation and 316 adhesion to ECM proteins. 317
When comparing the sequences of the half sites, ipuS appears to be an 318 intermediate between fimS and hyxS (Fig. 2 ). This suggests that the non-proximal 319 recombinases FimB, FimE and FimX would have activity at ipuS. Indeed, we found that 320
FimE and FimX are catalytically active at ipuS (Fig. 3 ). Only limited sequence similarity is present between fimS and hyxS in UTI89 (45), which may account for why only the 322 proximally encoded FimX is able to function at hyxS in both CFT073 and UTI89. 323
Though the assay described in this work was not explicitly quantitative, the five 324 recombinases display apparent differences in their efficiency for inversion of the ipuS 325 element, which indicates potential directional biases (Fig. 3) . A directional bias for 326
FimB/FimE at fimS has been characterized extensively in E. coli K-12 and is due to 327 sequence specificity of the recombinases at the inverted repeats and surrounding 328 sequence (22, (68) (69) (70) (71) . FimE is unable to bind to the fimS half sites in the OFF 329 orientation, which restricts its activity for catalyzing ON to OFF inversion. By mutating 330 the regions outside the inverted repeats to resemble the ON or OFF state, this 331 specificity can be reversed (69). It is possible that the apparent decreased efficiency of 332
FimE and IpuB at ipuS is due to a defect in their ability to bind to the template. 333
Electrophoretic mobility shift assays have been performed with FimB/FimE at fimS to 334 characterize this effect, however the recombinases are notoriously difficult to purify, 335 complicating the analyses (70, 71) . Further studies focused on precise assessment of 336 catalysis and inversion frequencies, such as the application of read-mapping 337 approaches based on deep sequencing to monitor switching (46), are needed to assess 338
how phase bias at ipuS may contribute to population polarization. 339
The orientation of ipuS may also directly influence fimS or hyxS orientation, but 340 such effects were masked by the need to lock all three switches in our analysis. Other 341 investigators have generated fimS locked strains by mutating the sequence of the 342 inverted repeats (64). Using this approach would facilitate locking ipuS orientation while 343 permitting inversion of the other two elements, helping to identify ipuS effects at fimS 344 and hyxS. However, the five recombinases recognize the inverted repeats in a 345 sequence specific manner (69-71) so manipulating the local sequence may inherently 346 change recombinase-binding affinity. In the context of a complete network, where 347 multiple sites compete for limited quantities of each recombinase, changing the half 348 sites could perturb the orientation of the other switches by altering recombinase 349 availability. As such, it stands to reason that the orientation of all three elements is inter-350 related, as they compete for a limited pool of shared enzymatic machinery. genes. While we did not observe ipuR-dependency in the phenotypes described here 368
we also cannot rule out contribution to these or other putative phenotypes. Definition of 369 the ipuR regulon and its contribution to UPEC biology and pathogenesis are active 370 areas of research. 371
Autotransporters are large multi-domain proteins that belong to the Type V 372 secretion system (73). They possess an N-terminal signal sequence that targets the 373 protein to the Sec machinery for transport into the periplasm, a passenger domain that 374 is either secreted or cell-surface associated, and a C-terminal translocator domain that 375 is embedded in the outer membrane and helps facilitate translocation of the passenger 376 domain (74-76). CFT073 possesses genes encoding multiple different autotransporters, 377 which function either as adhesins or secreted toxins (20, 21, 51, 57, 77, 78) . One well 378 studied autotransporter is Ag43, a surface bound protein found in most E. coli strains, is 379 phase variable mediates cell-cell adhesion, biofilm formation and long-term colonization 380 of the mouse bladder (49, 77, 79) . Ag43 phase variation is mediated by the combined 381 action of DAM methylase (activation) and OxyR (repression) (80-82). Additionally, 382 altered methylation patterns in key regions modulate Ag43 transcription and expression 383 of Ag43 is important for facilitating infection in the murine model (77). Here we 384 characterize a previously uncharacterized autotransporter, UpaE, which represents 385 another phase variable autotransporter of E. coli. We show that UpaE is surface 386 exposed, mediates biofilm formation and adherence to human ECM proteins. Our data 387 also imply that UpaE enhances UPEC virulence based on analysis of an ipuS locked 388 ON strain in mice. Importantly, we previously observed that the ipuA-upaE region is 389 more prevalent in UPEC (37%) than commensal strains (7%) suggesting this system to 390 be a relevant virulence mechanism for many UPEC strains (23). Further studies 391 confirming the adhesive properties of UpaE and the conditions/factors that select for its 392 expression are in progress. 393
To assess the role of ipuS in virulence in the murine model of UTI we infected 394 female mice transurethrally into the bladder. We assessed colonization of the bladder 395 and kidneys in a mixed competitive infection assay using ipuS locked ON and OFF 396 strains, and in a type 1 fimbriae locked ON background (Fig. 7B ). Locking type 1 397 fimbriae ON helps facilitate consistent infections as lock OFF strains are severely 398 attenuated (15). However lock ON strains have impaired swimming motility, which is 399 also important for colonization, and type 1 fimbriae expression inhibits the production of 400 other adhesive pili including the kidney specific P pili (41, 83) . The interrelated nature of 401 these systems makes it difficult to study their effects in isolation and may also account 402 for the high degree of variability observed in animal models. Further development of 403 phase locked ipuS strains that are decoupled from fimS and hyxS inversion are 404 underway to evaluate ipuS specific effects. 405
Tyrosine recombinases often function at invertible elements encoded in close 406 proximity to themselves (44). However, there are exceptions to this generalization. For 407 example, in depth analysis of Bacteriodes fragilis has revealed extensive networks of 408 switches and recombinases that function at local and distant sites in the chromosome 409 (84-88). One such enzyme, Mpi, can catalyze inversion of 13 elements located 410 throughout the B. fragilis chromosome (88). This inversion network controls the 411 expression of surface architecture components and is predicted to function as a 412 mechanism for global surface remodeling in response to changing environmental 413 conditions (85, 88). The identification of ipuS, demonstrated recombinase cross 414 reactivity among the three invertible elements, and known environmental stimuli that 415 influence inversion of the switches (38, 39, 89, 90) suggests the existence of a complex 416 network in UPEC (23, 45). UPEC encounter a variety of different conditions during 417 colonization of a human host, for example in the gut, urethra, bladder, kidneys and 418 bloodstream. We hypothesize that population heterogeneity generated by multiple 419 mechanisms, including differential gene regulation, epigenetic regulation, and the phase 420 variable network described here provide a means for UPEC to successfully colonize 421 these different environments. 422 423
Methods and Materials 424
Bacterial strains, cell lines, plasmids and culture conditions. All of the 425 strains, cell lines and plasmids used in this study are listed in Table 1 . In frame deletion 426 mutants of CFT073 were generated using a modification of the Lambda-Red method of 427 homologous recombination to include phage transduction of the marker into a clean 428 genetic background by EB49 prior to removal of the cassette via pCP20 (91, 92) . 429
Phase lock mutants were generated by sequential deletion of the five previously 430 described tyrosine recombinases in CFT073 (23). Upon deletion of the final 431 recombinase, multiple colonies were screened to identify mutants with all four possible 432 combinations of fimS and ipuS phase states. lacZ transcriptional fusions were 433 generated using methods described previously with the suicide vector pFUSE (93). All 434 strains were cultivated in Luria Bertani (LB) broth, LB agar, or on MacConkey lactose 435 medium unless otherwise indicated. Antibiotic selection employing kanamycin (50g/ml), chloramphenicol (20g/ml), or carbenicillin (250g/ml) was used as 437
appropriate. 438
The kidney epithelial cell line A-498 (ATCC HTB-44) was grown in RPMI 1640 439 with L-glutamine (Mediatech, Inc.) supplemented with 20% fetal bovine serum (Atlanta 440 Biologicals, Lawrenceville, GA), 10mM HEPES, and 1mM sodium pyruvate (Mediatech, 441 Inc.). Cells were grown at 37 o C with 5% CO 2 and utilized at less than 10 passages. were expressed from their native promoter. The upaE gene was amplified from CFT073 458 with primers 7799 (5'-459
GACCTGCAGGCATGCAAGCTATGAAGGAGGAGTGGTATGAATAAAGTATATAAAG -460
3') and 7800 (5'-CGACGGCCAGTGCCAAGCTTTAGAATATATATTTAATACC -3'), and 461 inserted into pSU2718 using a modified ligation-independent cloning protocol (94). 462
Briefly, the pSU2718 plasmid was digested with HindIII, and both cut plasmid and PCR 463 product were treated with T4 polymerase to generate complementary overhangs. The 464 T4 polymerase-treated insert and plasmid were mixed in a 3:1 ratio, and incubated on 465 ice for 30 minutes to generate pUpaE. All plasmids were confirmed by PCR and 466 sequencing of the inserts. glycerol-5% -mercaptoethanol-1 mM bromophenol blue-62 mM Tris)) subjected to 485 SDS-polyacylamide gel electrophoresis (SDS-PAGE). The large Coomassie-stained 486 fusion protein band was excised from the gels and then used as an immunogen in 487 rabbits. 488
In vivo Expression of UpaE was determined by western blot. Cell pellets were 489 solubilized in crack buffer and subjected to SDS-PAGE in 10% gels. Concentrated 490 culture supernatants were prepared by taking 10 mls of filtered late log-phase L-broth 491 adding tricholroacetic acid to make a final 10% concentration. After overnight incubation 492 at 0-4 °F, precipitates were collected by centrifugation and solubilized in 20 ls of crack 493 buffer. 1M Tris in 1 l volumes were added until the resuspended pellet changed from 494 yellow to blue in color. Protein detection was performed using the primary UpaE 495 polyclonal antibody described above, secondary anti-rabbit-HRP (Bio-Rad), and 496 chemiluminescent detection by Amersham ECL Prime Western Blotting Kit (GE 497 Healthcare). 498
Immunofluoresence microscopy. Immunofluoresence microscopy was 499 performed essentially as previously described (53). Overnight cultures supplemented 500 with the appropriate antibiotics and 1mM of IPTG were fixed to an OD 600 of 0.4, spotted 501 onto a glass slide and allowed to dry. The cells were fixed with 4% paraformaldehyde 502 (PFA), washed with PBS, and blocked with 0.5% BSA. The slides were incubated with 503 the anti-UpaE antibody, washed with PBS, and further incubated with a secondary goat 504 anti-rabbit antiserum couple to fluorescein isothiocyanate (FITC). The slides were 505 washed, air-dried and mounted with ProLong Gold (Invitrogen), and examined under a 506 ZESS Aixoplan 2 epifluorescence microscope. 507 Biofilm Assay. PVC 96-well microtiter plates (Corning) were used to monitor 508 biofilm formation as previously described (95). Briefly, cells were grown for 18h in LB at 509 37 o C, washed to remove unbound cells, and stained with 0.1% crystal violet. 510
Quantification of the cells was performed by dissolving the crystal violet with ethanol-511 acetone (80:20) and taking the absorbance reads at OD 595 . Results were presented as 512 the mean of eight replicate wells from three independent experiments. The data were 513 analyzed using the unpaired student t-test with Graphpad Prism 7 software. The graph 514
represents results of three independent experiments with standard deviations included. 515 ECM adhesion assay. Bacterial binding to ECM proteins was performed in a 516 microtiter plate enzyme-linked immunosorbent assay (51). Briefly, microtiter plates 517 (Maxisorp; Nunc) were coated overnight with MaxGel human ECM (10g/ml) or 2g/ml 518 of collagen (types I-V), fibronectin, fibrinogen, laminin or bovine serum albumin 519 (BSA)(Sigma-Aldrich). Wells were washed with TBS (137 mM NaCl, 10 mM Tris, pH7.4) 520
and blocked with TBS-2% milk for 1 h. Bacterial cultures were standardized to OD 600 of 521 0.1 in TBS, and 200l of the cultures were added to the plates. After washing to remove 522 unbound cells, adherent bacteria were fixed with 4% PFA, washed, and incubated with 523 an anti-E. coli serum (Meridian Life Sciences Inc.) for 1 h. The cells were washed, and 524 incubated with a secondary anti-rabbit-conjugated horseradish peroxidase antibody for 525 another 1 h. Following a final wash, adherent bacteria were detected by adding 50l of 526 TMB. After 15 min, 50l of 1M HCl was added to stop the reaction, and the absorbance 527 was read at OD 450 . The data were analyzed using the unpaired student t-test with 528 Graphpad Prism 7 software. The graph represents results of three independent 529 experiments with standard deviations included. 530
Swimming motility assay. Strains were grown in LB broth with appropriate selection 531 over night at 37 o C with shaking. The overnight cultures were normalized to OD 600 =0.5 532 and 1l was inoculated directly into the center of a Petri plate containing 20ml of Adler's 533
Motility Medium (0.3% agar, 0.5% NaCl, 1.0% tryptone) (N=7). Plates were incubated lid 534 side up at room temperature for approx. 21 hours. The diameter of the zone of 535 swimming was measured twice at perpendicular angles for each plate and the averages 536 were plotted. The data were analyzed using the data analysis software package Prism 537 (Graphpad) to determine statistically significant differences (p<0,05) between strains by 538
Mann-Whitney test. 539
Kidney epithelial cell adherence assay. A-498 cells were seeded into 12-well 540 plates at 2.5 x 10 5 cells/well and grown to near confluence. Monolayers were washed 541 two times with assay medium (serum and antibiotic free culture medium) and pre-542 incubated for 20min at 4 o C in 1ml assay medium. Triplicate wells were inoculated with 543 bacteria (MOI=10) and were settled onto host cells by centrifugation at 500 x g for 5min. 544
After 1hr incubation at 4 o C, monolayers were washed three times with HBSS (Hyclone), 545 incubated for 5min at 37 o C in 500l 0.025% trypsin/0.03% EDTA in HBSS, lysed with 546 0.1% Triton X-100 in ddH 2 O and plated on LB-agar plates. Adherence was calculated 547 as the ratio of the number of bacteria recovered to the number of bacteria inoculated 548 into each well and expressed as percent adherence The data were analyzed using the 549 data analysis software package Prism (Graphpad) to determine statistically significant 550 differences between strains by unpaired students t-test.
were used for all infections. Cells were grown in static LB-broth and infections were 553 performed as described previously (59, 96) . 
